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Simian immunodeficiency virus (SIV) and human immunodeficiency virus (HIV) infection results in an early
and enduring depletion of intestinal CD4� T cells. SIV and HIV bind integrin �4�7, thereby facilitating
infection of lymphocytes that home to the gut-associated lymphoid tissue (GALT). Using an ex vivo flow
cytometry assay, we found that SIVmac239-infected cells expressed significantly lower levels of integrin �4�7
than did uninfected cells. This finding suggested a potential viral effect on integrin �4�7 expression. Using an
in vitro model, we confirmed that integrin �4�7 was downregulated on the surfaces of SIVmac239-infected cells.
Further, modulation of integrin �4�7 was dependent on de novo synthesis of viral proteins, but neither cell
death, the release of a soluble factor, nor a change in activation state was involved. Downregulation of integrin
�4�7 may have an unappreciated role in the CD4 depletion of the mucosal-associated lymphoid compartments,
susceptibility to superinfection, and/or immune evasion.

Infection of macaques with simian immunodeficiency virus
(SIV) and humans with human immunodeficiency virus (HIV),
regardless of the route of transmission, results in early estab-
lishment of infection in the gut-associated lymphoid tissue
(GALT) (3, 23, 25). Consequently, the CD4� T cells of the
GALT are depleted, and intestinal integrity is compromised (4,
21, 37). The mechanism of GALT depletion, as well as the
mechanism of viral localization to the GALT, remains poorly
understood.

GALT localization is mediated, at least in part, by integrins,
a large family of “sticky” cell surface proteins (24, 35, 36).
Integrins facilitate conversation between the environment and
a cell, thereby influencing cellular adhesion, trafficking, prolif-
eration, and signaling. Consequently, numerous viruses, de-
spite having a small number of proteins, have developed mech-
anisms to exploit integrins and hence cellular processes, in
order to facilitate viral replication and immune evasion (17, 24,
34, 36). Examples of such viruses include human cytomegalo-
virus (39), rotavirus (14), and SIV/HIV (40). One well-studied
integrin, �4�7, mediates migration of lymphocytes to the
GALT (31, 33). In 2008, Arthos et al. demonstrated that
HIV-1 glycoprotein, gp120, binds integrin �4�7, facilitating
infection of CD4� T cells and increasing viral replication effi-
ciency (1).

Recent in vivo studies have revealed that CD4� T cells
expressing high amounts of integrin �4�7 (integrin �4�7 high)
are preferentially infected during acute SIV infection (15, 38).
In addition, integrin �4�7 high CD4� T cells contain greater
than one provirus per cell during peak viral infection, suggest-
ing that the cells are unusually susceptible to superinfection.
Unexpectedly, superinfection is not observed in integrin �4�7
high CD4� T cells after peak viral infection (15). Integrin �4�7

high-expressing CD4� T cells are also depleted from the cir-
culation parallel to the loss of intestinal CD4� cells, suggesting
a fundamental role for integrin �4�7 in SIV pathogenesis (38).
The mechanism underlying the depletion of integrin �4�7
high-expressing cells and whether SIV-infected cells are di-
rectly or indirectly involved remain unknown. Thus, under-
standing the single-cell dynamics of integrin �4�7 during SIV
infection may improve our understanding of SIV and HIV
pathogenesis and clarify the role of integrin �4�7 signaling in
mucosal trafficking.

To examine the single-cell dynamics of integrin �4�7 expres-
sion during SIV infection, we used a novel, ex vivo, flow cy-
tometry assay (M. Reynolds, unpublished data). We observed
that infected, Gag p27� cells expressed significantly (P �
0.0085) lower levels of integrin �4�7 than uninfected, CD4� T
cells from the same animal, at the same time point. Thus, we
hypothesized that SIV decreases integrin �4�7 expression on
the surfaces of virus-infected cells. In vitro, integrin �4�7 ex-
pression was downregulated on SIVmac239-infected cells as
rapidly as 24 h postinfection. Unexpectedly, integrin �4�7 lev-
els were also perturbed on uninfected cells with an increase in
number of cells with intermediate integrin �4�7 expression.
The modulation of integrin �4�7 was dependent on de novo
synthesis of a viral protein(s), but neither cell death, release of
a soluble factor, nor a change in activation state were involved.
Combined, this finding suggests an as-yet-unidentified viral
effect on integrin �4�7 that may influence depletion of the
mucosal associated lymphoid compartments, susceptibility to
superinfection, and/or immune evasion during SIV infection.

MATERIALS AND METHODS

Ex vivo analysis of Gag p27-positive cells. Cells from frozen or fresh mesen-
teric or inguinal lymph node biopsies of SIVmac239-infected Indian rhesus and
Mauritian cynomolgus macaques were obtained from multiple time points after
infection (Table 1). Sixty million cells were then enriched for CD4 cells by
depleting CD8-, CD20-, and CD14-positive cells using selection kits from Milte-
nyi Biotech (Auburn, CA). After CD4 enrichment, the cells were counted, and
five million cells were surface stained with CD3-Alexa Fluor 700 (A700), CD4
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peridinin-chlorophyll protein complex (PerCP; BD Biosciences, San Jose, CA),
LiveDead fixable violet amine reactive dye (ARD; Invitrogen, Carlsbad, CA),
CD95 phycoerythrin-Cy7 (PE-Cy7; eBioscience, San Diego, CA), and integrin
�4�7 allophycocyanin (APC; Non-Human Primate Reagent Resource). Phyco-
erythrin (PE) was used to eliminate remaining CD8- and CD20-positive cells.
After surface staining, the cells were washed and fixed with 2% paraformalde-
hyde (PFA) for 15 min. The cells were then stained for intracellular Gag p27
(NIH AIDS Research and Reference Reagent Program, NIAID, NIH) conju-
gated to fluorescein isothiocyanate (FITC) combined with permeabilization re-
agent (Invitrogen, Carlsbad, CA) for 15 min, washed, and fixed with 2% PFA.
After staining, the samples were run on an BD-LSRII (BD Biosciences, San Jose,
CA), and at least two million events were collected. The samples were then
analyzed by FlowJo software version 8.8.6 (TreeStar, Ashland, OR). Replicates
were graphed using GraphPad Prism version 5.0a for Macintosh (GraphPad
Software, San Diego, CA).

Cell preparations and virus. Blood was drawn from either Indian rhesus
macaques or Mauritian cynomolgus macaques into EDTA tubes at the Wiscon-
sin National Primate Research Center (WNPRC) according to protocols ap-
proved by the University of Wisconsin Research Animal Resources Center.
Peripheral blood mononuclear cells (PBMC) were isolated through density gra-
dient centrifugation. CD8 T cells were depleted by using the nonhuman primate
CD8 cell positive selection kit from Miltenyi Biotech. CD8 depleted cells were
then incubated at 37°C with 5 �g of concanavalin A/ml at 2 � 106 cells/ml. After
24 h the cells were washed and placed in a similar volume of R15-50 (RPMI 1640
containing 15% fetal calf serum and 50 U of interleukin-2 [IL-2]/ml). After 48 or
72 h, the cells were washed and plated at 2 � 106 cells per well of a 48-well plate
for mock or SIVmac239 infection.

Tenofovir was obtained through the NIH AIDS Research and Reference
Reagent Program, Division of AIDS, NIAD, NIH. Treatment with tenofovir was
initiated 2 h prior to infection at a concentration of 400 �M as indicated (30).
After mock infection or infection with SIVmac239 of tenofovir-treated cells, the
cells were washed and resuspended in R15-50 containing 400 �M tenofovir
throughout the remainder of the experiment.

SIVmac239, kindly generated by T. Friedrich, was grown on CEM*174 cells as
previously described (8). J. Lifson generously provided 2,2�-dithiodipyridine
(AT-2)-inactivated SIVmac239 generated from SUPT1-CCR Cl 30 cells as pre-
viously described (29).

Viral infection. Viruses were prepared by layering 1 ml of SIVmac239 (9 � 109

50% tissue culture infective doses) or AT-2-inactivated SIVmac239 over 100 �l
of 20% sucrose, followed by centrifugation at 14,000 rpm for 60 min at 4°C. After
centrifugation, the supernatant was removed, virus resuspended in 100 �l of
R-10, and 25 �l of magnetic beads was added. The magnetized virus was then
resuspended, and 30 �l was added to each well of the CD8-depleted cells. The
plates were then briefly centrifuged and incubated on top of a magnet for 20 min.
After infection, the virus was washed off, and the cells were plated in a 48-well
plate at 5 � 105 cells/ml in R15-50, and time point samples were collected at 0,
16, 24, 48, 72, and 96 h postinfection (hpi) for flow cytometry. As a control, cells
were mock infected with conditioned media and collected at the same time
points. All experiments were performed in triplicate and were repeated at least
two times.

Transfer of conditioned medium from SIVmac239-inoculated wells. Cells were
either mock infected or infected with SIVmac239 for 48 h as described above.
After 48 h, the conditioned medium from the mock- and SIVmac239-inoculated
wells was removed and layered over 20% sucrose. Subsequently, the medium was

centrifuged at 14,000 rpm for 60 min at 4°C to remove any virions that were
present. Next, the supernatant from mock- and SIVmac239-inoculated wells was
transferred to CD8-depleted, concanavalin A-stimulated uninfected cells, and
time point samples were collected at 24 and 48 hpi for flow cytometry. The
experiment was performed in duplicate at least two times.

Antibodies and flow cytometry of in vitro assays. At each time point, cells were
surface stained simultaneously for CD3 A700, CD4 PerCP (BD Biosciences, San
Jose, CA), CD95 PE-Cy7, and integrin �4�7 PE (Millennium Pharmaceuticals).
Pacific Blue (PB) was used as a dump channel to exclude autofluorescent cells.
After surface staining, the cells were washed and fixed with 2% PFA for 15 min.
Next, the cells were stained for intracellular Gag p27 as described above. To
examine cell death, the cells were surface stained with CD3 A700, CD4 PerCP,
�4�7 PE, CD95 PE-Cy7, and a LiveDead Fixable Violet ARD stain (Invitrogen).
APC was used as a dump channel. After surface staining, the cells were washed,
fixed with 2% PFA, and stained intracellularly with Gag p27 FITC as described
above. After staining, samples were run on a BD-LSRII and analyzed by using
FlowJo software version 8.8.6. The mean fluorescence intensity (MFI) was de-
termined by using FlowJo software version 8.8.6 after gating integrin �4�7
positive cells in mock, uninfected, and infected cell subsets. Replicates were
graphed by using GraphPad Prism.

Statistics. Replicates were graphed by using GraphPad Prism. A two-tailed t
test was used to compare integrin �4�7 expression on infected and uninfected
CD4 cells from ex vivo lymph node samples. Bars on graphs represent the
standard error of the mean.

RESULTS

Integrin �4�7 expression is decreased on Gag p27-positive
cells. A number of studies suggest that SIV selectively targets and
infects integrin �4�7 high expressing cells compared to integrin
�4�7 intermediate or low/negative expressing cells (1, 6, 15, 38).
Other HIV/SIV receptors, such as CD4 (19, 20, 26, 41), are
downregulated after infection, however, the effect of SIV/HIV
infection on integrin �4�7 expression has not been previously
studied. We isolated lymphocytes from the mesenteric or
inguinal lymph nodes of SIVmac239-infected Indian rhesus
and Mauritian cynomolgus macaques and enriched CD4�

cells by magnetically depleting CD8�, CD14�, and CD20�

cells. At least two million CD4 enriched cells were monitored for
integrin �4�7, CD3, CD4, CD95, violet ARD, and Gag p27
expression. Subsequently, Gag p27�, SIVmac239-infected cells
and uninfected, CD4� cells were gated as illustrated in sup-
plemental Fig. S1 (for supplemental figures, see www.primate
.wisc.edu/ehr/files/WNPRC/WNPRC_Laboratories/oconnor
/public/publications/%40files/SIV%20mediated%20down
-regulation%20of%20integrin%20a4B7%20Supplemental
%20Figures.pdf?renderAs�DEFAULT) and assessed inde-
pendently for integrin �4�7 expression.

Cells infected with SIVmac239 showed reduced levels of
integrin �4�7 compared to uninfected, CD4� T cells (Fig. 1A).
To quantitate the difference in expression, we analyzed the
MFI of integrin �4�7 expression in infected and uninfected
cells. Infected cells (n � 9, MFI � 137.2) had significantly (P �
0.0085) lower integrin �4�7 expression than uninfected cells
(n � 9, MFI � 229.1) (Fig. 1B).

The reduction in integrin �4�7 expression on infected cells
appears to be a general feature of cellular infection with SIV;
the same phenomenon was observed in different animals at
multiple time points ranging from 3 to 192 weeks postinfection
(Table 1). Unexpectedly, a majority of infected cells did not
express the CD4 molecule and had low levels of the CD3
molecule (data not shown). This phenomenon most likely oc-
curs because the primary SIV protein responsible for CD4
downregulation, the Nef protein, is produced early during in-

TABLE 1. Summary of macaques used for ex vivo experimentsa

Animal Time
postinfection (wks) Plasma viral load

cy0151 3 6.19E � 05
cy0209 15 1.64E � 05
cy0204 24 7.66E � 05
cy0166 47 4.66E � 06
cy0159 49 1.63E � 05
cy0161 72 2.08E � 06
cy0166 80 3.24E � 06
cy0163 88 2.50E � 06
r00014 192 8.66E � 06

a Cells from frozen or fresh mesenteric or inguinal lymph node biopsies of
SIVmac239-infected Indian rhesus and Mauritian cynomolgus macaques were
obtained from different points of infection and at various viral loads.

VOL. 84, 2010 SIV-MEDIATED DOWNREGULATION OF INTEGRIN �4�7 6345



fection, whereas the SIV protein detected by flow cytometry,
the Gag protein, is expressed late during infection; however,
the fitness of the cells was unknown. To exclude the possibility
that the reduction in integrin �4�7 and CD4 was due to death
of the infected cells, dead and dying cells were eliminated from
analysis by using ARD staining (see supplemental Fig. S1).

Integrin �4�7 low/negative and high subsets are generally
comprised of central or effector memory cells, while integrin
�4�7 intermediate cells are generally naive (15). The pheno-
typic heterogeneity of distinct �4�7 subsets could confound
interpretation of the ex vivo data demonstrated by Fig. 1C. In
addition, our current assay cannot resolve whether the reduc-
tion of integrin �4�7 expression on infected cells is associated
with a change in activation state. Therefore, we developed an
in vitro model to assess the expression of integrin �4�7 on
SIVmac239-infected, neighboring SIVmac239-uninfected, and
mock-infected cells.

Time-dependent decrease in cell surface expression of inte-
grin �4�7 in vitro on SIVmac239-infected CD4� T lympho-
cytes from Indian rhesus macaques. To examine integrin �4�7
expression on SIVmac239-infected CD4� T cells in vitro, we
isolated lymphocytes from the blood of uninfected Indian rhe-
sus macaques, magnetically depleted the CD8� T cells, and
activated the remaining cells with concanavalin A for 72 h to
create a homogeneous population of activated CD4� targets
for SIV infection. After activation, CD8-depleted cells were
infected with SIVmac239 or mock infected. Integrin �4�7,
CD3, CD4, CD95, and Gag p27 expression was monitored by
flow cytometry at 0, 16, 24, 48, 72, and 96 hpi.

The flow cytometry analysis strategy is illustrated in supple-
mental Fig. S2a. Briefly, lymphocytes were gated based on
forward and side scatter and then autofluorescent cells were
eliminated to assess the cells that were Gag p27 positive. At all
timepoints examined, cells from mock and SIVmac239-in-
fected wells expressed high levels of CD95 confirming that a
homogenous, activated subset of cells was present (Fig. S2b).
Gag p27�, SIVmac239-infected cells were first detectable at
24 hpi.

In agreement with the ex vivo data, integrin �4�7 expression
decreased on the surfaces of infected cells compared to mock-
infected cells beginning at 24 hpi (Fig. 2A). To quantitate the
effect of SIVmac239 infection on integrin �4�7 expression, we
analyzed the percentage and MFI of integrin �4�7-positive

cells on mock- and SIVmac239-infected subsets (supplemental
Fig. S2c). Beginning at 24 hpi, on SIVmac239-infected cells, we
observed a decrease in the percentage of integrin �4�7 positive
cells (Fig. 2A and B). Similarly, at all subsequent time points
examined, the percentage and the MFIs of integrin �4�7-
positive cells decreased on infected cells compared to mock-
infected cells (Fig. 2A to C). Thus, similar to the ex vivo
data, integrin �4�7 expression was reduced on the surfaces
of infected cells. Further, integrin �4�7 downregulation on
SIVmac239-infected cells occurs in the presence of a homo-
geneous, CD95-positive population, suggesting that a
change in activation state is not the cause (see supplemental
Fig. S2b).

To examine whether uninfected cells within SIVmac239-
inoculated cultures also exhibit integrin �4�7 modulation,
p27-negative cells from infected wells were selected, and the
surface expression of integrin �4�7 was compared to mock-
infected cells (Fig. 2A). Integrin �4�7 expression on unin-
fected and mock-infected subsets was comparable at 24 hpi.
Unexpectedly, beginning at 48 hpi, we observed an elevation of
integrin �4�7-positive cells in the uninfected subset compared
to the mock-infected subset (Fig. 2A and B). Once again, to
quantitate the differences we analyzed the percentage and
MFIs of integrin �4�7-positive cells. At 48 hpi and after, the
percentages of integrin �4�7-positive cells increased, and the
MFIs of integrin �4�7-positive cells decreased in uninfected
cells (Fig. 2A to C), suggesting that there is a loss of integrin
�4�7 high- and low/negative-expressing cells and an increase in
integrin �4�7 intermediate-expressing cells. These results
demonstrate that SIVmac239 infection differentially alters sur-
face expression of the gut homing receptor, integrin �4�7, on
infected and neighboring, uninfected Indian rhesus macaque
CD8-depleted T cells.

Alteration of integrin �4�7 expression occurs in multiple
macaque species. We next examined whether integrin �4�7
modulation was host species specific by repeating the in vitro
analysis with lymphocytes from Mauritian cynomolgus ma-
caques. Similar to Indian rhesus macaques, Gag p27 expression
was first detected at 24 hpi, although at slightly lower levels
(data not shown). Correspondingly, we observed a decrease in
the percentage and MFI of integrin �4�7-positive cells from
SIVmac239-infected subsets compared to mock-infected sub-
sets (Fig. 3). We also observed an increase in the percentage of

FIG. 1. Infected CD4 T cells from the lymph node express significantly less integrin �4�7 than uninfected CD4-positive T cells from the lymph
node (n � 9). (A) Representative histogram of integrin �4�7 expression on infected (purple) and uninfected (blue) cells from the lymph node of
an SIVmac239-infected Mauritian cynomolgus macaque. (B) MFIs of integrin �4�7 expression on uninfected and infected CD4 T cells. Lines
connect samples from the same animal at the same time point. Statistical analysis was performed by using a paired Student t test. (C) Repre-
sentative contour plot of integrin �4�7 and CD95 expression on uninfected (blue) and infected (purple) cells from the lymph node of a
SIVmac239-infected Mauritian cynomolgus macaque.

6346 BUDDE ET AL. J. VIROL.



integrin �4�7-positive cells beginning at 48 hpi and a slight
decrease in the MFIs of integrin �4�7-positive cells beginning
at 72 hpi in uninfected cells compared to mock-infected cells
(Fig. 3). This supports the hypothesis that the alteration of
integrin �4�7 in infected cultures in vitro is characteristic of
SIVmac239 infection.

Assessment of potential mechanisms for integrin �4�7
modulation. Finally, we examined several potential mecha-
nisms that could explain the downregulation of integrin �4�7
on infected cells. First, we examined whether viral cytopathy or
cell death could indirectly trigger integrin �4�7 modulation.
Dead, ARD-positive cells were eliminated as shown in supple-
mental Fig. S2d prior to identification of infected and unin-
fected cells. There was a minimal amount of cell death even at
96 hpi, and the elimination of dead and dying cells did not alter
the expression of integrin �4�7 on infected, uninfected, or
mock-infected cells (data not shown). Indeed, cells in both
mock- and SIVmac239-infected wells proliferated throughout
the course of infection (data not shown).

Next, we examined whether SIV infection triggered the re-

lease of a soluble factor that modulated integrin �4�7 expres-
sion. Briefly, conditioned medium from mock-infected and
SIVmac239-infected wells was collected at 48 hpi, and viral
particles were removed by centrifugation. The conditioned me-
dium was then transferred to CD8-depleted T cells, and inte-
grin �4�7 expression was examined. SIVmac239 virions in
conditioned medium were successfully removed by centrifuga-
tion, since transfer did not result in Gag p27 expression (data
not shown). Medium transferred from SIVmac239-infected
wells did not alter integrin �4�7 expression compared to mock-
infected wells (Fig. 4).

SIV may also influence modulation of integrin �4�7 on
infected and uninfected cells through direct mechanisms such
as viral binding, entry, or expression of viral proteins. To ex-
amine whether productive viral replication was necessary, we
used two independent techniques to block de novo synthesis of
viral proteins. In the first experiment, activated, CD8-depleted,
Indian rhesus macaque lymphocytes were treated with 400 �M
concentrations of the reverse transcriptase inhibitor tenofovir
for 2 h prior to infection (12). At all time points examined

FIG. 2. Integrin �4�7 expression is decreased on SIVmac239-infected cells and elevated on uninfected cells in vitro compared to mock-infected
cells from Indian rhesus macaques (n � 9). (A) Representative histograms of integrin �4�7 expression on mock-infected (black), uninfected (blue),
and infected (purple) CD4� T cells in triplicate at multiple time points. (B and C) Representative percentages (B) and MFIs (C) of integrin
�4�7-positive cells from mock-infected (black), uninfected (blue), and infected (purple) CD4� T-cell subsets.
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there was no Gag p27 expression detected, demonstrating
that de novo synthesis of viral proteins was blocked (data not
shown). There was no detectable difference in integrin �4�7
expression between tenofovir-treated, SIVmac239-infected
cells and tenofovir-treated, mock-infected cells (Fig. 5D
and E).

In the second experiment, we used AT-2-inactivated SIVmac239
to infect activated, CD8� T-cell-depleted lymphocytes from
Indian rhesus macaques. AT-2-inactivated virions are capable
of binding CD4� cells, fusing, and entering. The viral life cycle
is aborted before initiation of reverse transcriptase rendering
the virus replication incompetent (2, 28). Similar to the teno-
fovir-treated cells, there was no Gag p27 expression detected at
any of the time points examined (data not shown). Further-
more, the percentages and MFIs of integrin �4�7-positive cells
from AT-2-treated and mock-infected wells were indistinguish-
able (Fig. 5A to C). These results support that de novo synthe-
sis of viral proteins is required for the alteration of integrin
�4�7 expression during SIVmac239 infection, but neither cell
death nor the release of a soluble factor is involved.

DISCUSSION

SIV and HIV infection results in an early and rapid estab-
lishment of infection in the GALT and depletion of the intes-
tinal CD4� T cells (3, 23, 25). Details surrounding this early
stage of pathogenesis remain elusive. Recent work has dem-
onstrated that the HIV envelope protein, gp120, selectively
binds to and signals through integrin �4�7, a gut homing in-
tegrin (1). Further, it has been demonstrated that cells express-
ing high levels of integrin �4�7 are preferentially infected and
depleted during SIV infection (6, 15, 38). Although integrin
�4�7 is not required for viral replication, it is clear that viral
engagement of integrin �4�7 provides an advantage to SIV
and HIV infection (6). It is within this context that we exam-
ined single-cell integrin �4�7 dynamics during SIVmac239 in-
fection.

Using an ex vivo model, we demonstrated that Gag p27�,
infected cells from the lymph node express significantly (P �
0.0085) lower quantities of integrin �4�7 compared to unin-

FIG. 3. Integrin �4�7 is altered on Mauritian cynomolgus macaque
cells infected with SIVmac239 compared to mock-infected cells.
(A) Representative histogram of integrin �4�7 expression on mock-
infected (black), uninfected (blue), and infected (purple) CD4� T cells
in triplicate at 96 h postinfection (n � 6). (B and C) Representative
percentages (B) and MFIs (C) of integrin �4�7-positive cells from
mock-infected (black), infected (purple), and uninfected (blue) CD4�

T-cell subsets.

FIG. 4. Integrin �4�7 expression is not altered in the presence of
soluble factors from SIV-inoculated wells. (A) Representative his-
togram of integrin �4�7 expression on cells that received soluble
factors from mock-infected (black) or SIVmac239-infected wells
(blue) in triplicate 48 h after transfer (n � 2). (B and C) Repre-
sentative percentages (B) and MFIs (C) of integrin �4�7-positive
cells from cells that received soluble factors from mock-infected
(black) and SIVmac239-infected (blue) wells.
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fected, CD4� T cells from the lymph node. To our knowledge,
these are the first experiments to examine integrin �4�7 on
Gag p27�, infected cells by flow cytometry ex vivo. One limi-
tation of this assay is that plasma viral loads need to be �104

copies/ml (Reynolds, unpublished). We are actively working to
improve the sensitivity of the ex vivo assay so that we can
monitor integrin �4�7 expression in macaques that control
SIV infection to determine whether there are differences.

In vitro studies of homogeneous cell populations confirmed
that the percentages and MFIs of integrin �4�7-positive cells
decreased in infected cells compared to mock-infected cells in
a time-dependent manner. Unexpectedly, the percentages of
integrin �4�7-positive cells increased and the MFIs decreased
in uninfected cells compared to mock-infected cells. Taken
together, these data demonstrate that integrin �4�7 downregu-
lation is mediated by SIVmac239 in the presence of a homo-
geneous, CD95-positive population.

Our initial efforts to identify the mechanism of integrin �4�7
were partially successful, since we demonstrate that de novo
synthesis of viral proteins is required. Currently, it is unclear
whether de novo synthesis of viral proteins leads to a direct or

indirect modulation of integrin �4�7; however, it is unlikely
that the presence of a soluble factor, cell death, or a change in
activation state is responsible. We are actively exploring the
contributions of individual viral proteins to integrin �4�7 mod-
ulation.

It is likely that downregulation of integrin �4�7 confers an
advantage to the virus. Several viruses, including HIV and SIV,
use receptor interference, or the removal of an entry receptor
from the surface of the cell, to protect the cell from superin-
fection and facilitate viral release. Notably, HIV and SIV
downregulate CD4 and CCR5 during infection (19, 26, 41).
Recently, Cicala et al. demonstrated that integrin �4�7, CD4,
and CCR5 colocalize on the cell membrane. Also, due to the
extension of integrin �4�7 from the surface of the cell it is
likely that integrin �4�7 is the first receptor to engage the
virion during infection (6). In addition, integrin �4�7 high cells
are preferentially infected. Thus, it is possible that downregu-
lation of integrin �4�7 from the surfaces of SIV-infected cells
may prevent superinfection or facilitate viral release. It is also
possible that the downregulation of integrin �4�7, due to the
close proximity to CD4 and CCR5, is a bystander effect of the

FIG. 5. Integrin �4�7 expression is not altered in the absence of de novo synthesis of SIVmac239 proteins. (A) Representative histogram of
integrin �4�7 expression on mock-infected cells (black) and cells infected with an AT-2-inactivated virus (blue) in duplicate at 48 h postinfection.
(B and C) Representative percentages (B) and MFIs (C) of integrin �4�7-positive cells from mock-infected cells (black) and cells infected with
an AT-2-inactivated virus (blue). (D) Representative histogram of integrin �4�7 expression on mock-infected (black) and SIVmac239-inoculated
cells (blue) after treatment with tenofovir in duplicate at 48 h postinfection. (E) Representative MFIs of integrin �4�7 expression from
tenofovir-treated, mock (black)- and SIVmac239 (blue)-inoculated CD4� T-cell subsets.
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downregulation of CD4 and CCR5 from the surface of the cell
during SIV infection.

Another advantage of receptor modulation during viral in-
fection is immune evasion. SIV and HIV downregulate CD28,
major histocompatibility complex (MHC) I, and MHC II to
dampen T-cell activation and immune recognition (19, 41).
Integrins are highly potent receptors due to their ability to
communicate with the cellular environment and engage mul-
tiple receptors, including immune receptors (16, 27). Recruit-
ment of cells expressing integrin �4�7 to the intestines has
been associated with graft-versus-host disease and other intes-
tinal inflammatory disorders (5, 18). Therefore, downregula-
tion of integrin �4�7 may decrease the amount of inflamma-
tion in the GALT.

In addition to immune evasion or receptor interference,
alteration of integrin �4�7 may influence lymphocyte traffick-
ing and subsequently SIV/HIV pathogenesis. SIVsmmPBj is a
highly pathogenic strain of SIV that causes acutely lethal dis-
ease characterized by profuse watery diarrhea, dehydration,
and electrolyte imbalance or metabolic acidosis with gastroin-
testinal lesions (9–11, 22). In addition, SIVsmmPBj is associ-
ated with increased virus replication and immune activation in
the GALT (7, 11, 32). Gummuluru et al. noted that lympho-
cytes from macaques infected with SIVsmmPBj induced ex-
pression of integrin �E�7 and to a lesser extent integrin �4�7
(13, 32). Combined, these findings suggest that recruitment
and retention of lymphocytes in the GALT during SIV infec-
tion may result in a worsened disease state. Therefore, down-
regulation of integrin �4�7 may facilitate the circulation of
virus-infected cells decreasing the severity of GALT inflamma-
tion and tissue damage, lengthening the survival of the host
and hence the virus. The downregulation of integrin �4�7 may
also have an unappreciated role in the depletion of the muco-
sal-associated lymphoid compartments.

In conclusion, we successfully examined the single-cell dy-
namics of integrin �4�7 modulation during SIVmac239 infec-
tion. We demonstrated that integrin �4�7 is downregulated on
the surfaces of SIVmac239-infected cells both ex vivo and in
vitro. Further, on uninfected cells, integrin �4�7 levels were
elevated, specifically the integrin �4�7 intermediate subset.
This modulation is dependent on de novo synthesis of viral
proteins but neither cell death, the release of a soluble factor,
or the cellular activation state is involved. Noting that SIV and
HIV preferentially infect integrin �4�7 high-expressing cells, it
is likely that downregulation of the receptor after viral engage-
ment augments some advantage to the virus. Thus, downregu-
lation of integrin �4�7 on SIV-infected cells may have impor-
tant implications for pathogenesis, and further investigation
could provide novel insights into SIV/HIV-cell interactions
and their influence on cellular processes.
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